Low reducing agent operation of the blast furnace has an important role in mitigating carbon dioxide emissions in the steel works. Low reducing agent operation results in a low coke rate in the blast furnace. In low coke rate operation, the permeability in the blast furnace is considered to change remarkably due to the increase in the ore-to-coke (O/C) ratio. Charging methods based on conventional layered charging should be improved to a new method such as coke mixed charging. In this study, a DEM-CFD model considering the softening behavior of ore particles in the cohesive zone was applied to evaluate the gas flow in low coke rate operation. First, the softening melting test was simulated by the overlapping of particles in DEM. The layer structure and void fraction distribution in the blast furnace were calculated for normal coke rate and low coke rate operation by DEM. Second, gas flow behavior was analyzed by the DEM-CFD model, focusing on the cohesive zone. From the results, it was estimated that the gas flow was influenced by the coke slit structure in the cohesive zone and the permeability of ore layers mixed with coke particles. Under the normal coke rate of 350 kg/t, coke mixed charging has little effect on permeability through the thin coke slit. However, in low coke rate operation, coke mixing can improve the permeability of the cohesive zone.
Introduction
Reduction of CO2 in steel industry is an important global challenge. In the field of ironmaking, an even stronger trend toward low reducing agent operation of the blast furnace is foreseen, as this is linked to low carbon operation. In ironmaking, low carbon operation means reduction of the coke rate, which accounts for the larger part of the carbon input to the blast furnace. 1, 2) Although a large reduction in the coke rate would be difficult with current blast furnaces, processes aimed at substantially reducing the coke rate by intensified gas reduction by recycling of blast furnace top gas have been proposed. 1, [3] [4] [5] [6] [7] In current blast furnace operation, the coke rate is generally about 300 kg/t or more, but in contrast, trial calculations place the coke rate with these processes at the 200-250 kg/t level. 6, 7) However, because the shift to low coke rate operation will also reduce the amount of coke available to secure gas permeability, significant changes in gas flow behavior in the blast furnace can be foreseen. In particular, it will become difficult to maintain coke slits, necessitating a re-examination of layered charging. Charging of the small lump "nut coke" in the ore layer is a long-established practice, 8) but in recent years, charging of normal coke, or so-called "coke mixed charging" has been applied in the commercial blast furnace. 9) Some studies on coke mixed charging have been carried out. Those works clarified the changes in permeability in the lumpy zone and cohesive zone, changes in reduction and melting characteristics, [9] [10] [11] and softening tests under load have confirmed that coke mixed charging has a permeability improvement effect in the cohesive zone. 9, 10) Although a quantitative evaluation of permeability in the total furnace under the low coke rate operation predicted in the future is necessary, including the lumpy zone, cohesive zone, etc., confirmation of these phenomena in the commercial process is difficult. The authors have conducted research on simultaneous analysis of burden descent behavior and the gas flow in the blast furnace by coupling the Discrete Element Method (DEM) and Computational Fluid Dynamics (CFD). 12, 13) In DEM, it is possible to reproduce various types of packed bed structures, irrespective of whether layered charging or mixed charging is assumed, and a DEMbased element model that expresses permeability changes such as shrinkage of the ore layer has also been reported. 14) In the present research, this element model of softening under load is applied to coke mixed charging. The purpose of this research is to compare layered charging and coke © 2012 ISIJ mixed charging under the current blast furnace conditions, and to compare various charging methods under low coke rates, assuming the low carbon blast furnace of the future, with a particular focus on gas flow in the vicinity of cohesive zone, in order to determine the optimum packed bed structure.
DEM-CFD Model

Fundamental Equations of DEM Model
DEM is a kinematic model of unsteady solid flows, and makes it possible to track the behavior of particular particles by solving motion equations for all solid particles.
15) The concept of the DEM model is shown in Fig. 1 . The procedure for analysis of contact force by DEM is presented below. In DEM particles, translational motion and rotational motion change due to stress and moment from the point of contact between pairs of individual particles or between a particle and a wall. As shown in Fig. 1 , contact force is calculated by the Voigt model, which is approximated using the analogy of a spring, dashpot, and friction slider. The motion equation for particles, which considers the contact force acting between two particles, is expressed by the following Eq. Where, fg, η , m, R, I, and ω are a term for the external force caused by the interaction between a particle and a fluid, the viscosity coefficient of the dashpot, and the mass, radius, moment of inertia, and angular rate of rotation of the particle, respectively. μ in Fig. 1 is the friction coefficient between stress in the normal direction and stress in the shear direction between particles, and K and η are the spring constant and dashpot viscosity coefficient. Although the particles treated by DEM are spherical, blast furnace burden materials are irregular in shape. Therefore, changes in internal friction suited to coke, sinter, etc. were expressed by setting a coefficient of rolling friction on an inclined plane as a parameter indicating the shapes of these particles. 16) 
Fundamental Equations of CFD Model
The gas and solid flow model in blast furnace is based on the DEM-CFD model developed by Natsui et al. 12) As CFD calculations, regarding the term for particle-fluid interaction force fg in the Navier-Stokes equation, Ergun's equation 17) or the Wen-Yu equation 18) was used corresponding to the void fraction. The fundamental CFD equations are shown below. In Eqs. (3) to (9), ε, v, p, ρ g, μ g, and fg are the void fraction, a velocity vector, pressure, density, viscosity, and an external force term, respectively. In Eqs. (5) to (9) , Ni, v pi, and vg are the number of particles in a cluster, the particle velocity, and the interstitial gas velocity, respectively. In Eqs. (7) and (8) , CD means drag coefficient.
Application of Softening Element Model to Coke
Mixed Charging
Softening Element Model
In the cohesive zone, unlike the lumpy zone, ore particles undergo softening and shrinkage due to the load from the upper furnace, temperature rise, and progressive chemical reaction, and as a result, the shape of the ore particles is deformed. Although it is difficult to express quantitatively the changes in the shape of ore particles in the cohesive zone, such as shrinkage, the authors proposed a method of expressing the softening and shrinkage of ore particles using the concept of overlapping in DEM by using a smaller Young's modulus, different from that in the lumpy zone, in the cohesive zone part of the DEM model. 14) The amount of overlapping between particles is changed by intentionally changing the Young's modulus of the particles under load, and the decrease in the void fraction due to overlapping of volume can be evaluated from the change in the interparticle distance at this time. It is possible to express the characteristics of the permeability change in the cohesive zone by these changes. .
Re .
ε ε ε In this research, the above-mentioned softening element model was applied to coke mixed charging. In the softening test under load, ore particles were filled in a cylindrical vessel and heated while applying load to simulate the conditions in a blast furnace, and the softening and melting behavior of the ore particles and changes in their permeability resistance, etc. are measured. In this research, particles with a diameter of 1.0 cm were charged in a cylindrical vessel 0.12 m in diameter and 0.10 m in height, corresponding to the load softening test device shown in Fig. 2 , and that packed layer was used as the object of DEM calculations. As in the general softening test under load, a constant load of 0.1 MPa was applied, and structural changes in the packed bed were calculated based on the DEM model described in section 2.1. As coke mixed charging conditions, in addition to the case of only ore particles, the mixing ratio of coke particles was changed from 10% up to 50% by volumetric fraction. In the case of 50% mixing, the amounts of ore particles and coke particles are the same by volume ratio. The calculation conditions are shown in Table  1 . The size of the ore and coke particles was identical. Figure  3 shows the packed bed structure after filling. Conversion from particle arrangement information obtained by calculation to the void fraction was performed using the control volume method.
12)
Coke Mixing Ratio and Void Fraction Change by
Softening Element Model For ore particles assumed to undergo softening and shrinkage, Young's modulus was set to 1.0 GPa as the base value and 0.5 GPa, 0.1 GPa, 0.05 GPa, 0.02 GPa, and 0.01
GPa as values representing softening and shrinkage. For coke particles, Young's modulus was constant at 1.0 GPa. In the DEM calculations, the packed bed shrinks and settles to a stable state with the passage of time. In the previous report, good correspondence was found between changes in the void fraction and changes in pressure drop in the softening test under load when a Young's modulus of 0.02 GPa was assumed for the ore particles in the DEM calculations. 14) As an example of these calculation results, Fig. 4 shows the change in the structure of the packed bed when Young's modulus was set to 0.02 GPa and the coke mixing ratio was changed. In all cases, this is the layer structure after a steady state has been achieved. The change in the void fraction in the packed bed was obtained from these calculation results. Figure 5 shows the results of calculations of the void fraction when the coke mixing ratio was changed for changes in the Young's modulus from 1.0 GPa to 0.01 GPa. As Young's modulus decreases, overlapping between the particles proceeds, and the void fraction decreases. The void fraction decreases clearly at a Young's modulus of 0.1 GPa or less, but the decrease in the void fraction becomes more moderate as the coke mixing ratio increases because space is secured by the coke particle, which does not undergo shrinkage.
Although the situation of this investigation is based on the coke mixing, it is considered that the phenomenon of change in the void fraction due to overlapping of ore particles under [s] load is basically the same as with simple ore. Therefore, the Young's modulus in the cohesive zone was also set to 0.02 GPa in this research. Figure 6 shows the relationship between the coke mixing ratio and changes in the void fraction and changes in pressure drop when Young's modulus is set to 0.02 GPa. The void fraction was obtained and denoted by relative pressure drop. As the coke mixing ratio increases, relative pressure drop decreases. With the mixing ratio of 50%, relative pressure drop decreases remarkably, to 0.2, in comparison with the coke mixing ratio of 0%. Watakabe et al. quantified the relationship between the coke mixing ratio and relative pressure drop at 1 573 K using a combination of the results of load softening tests and a 2-dimensional model of a blast furnace. 9) In those results, in the case of a weight ratio of 12% (equivalent to a volumetric ratio of approximately 50%), relative pressure drop decreased to approximately the 20% level in comparison with the standard condition. Although there are differences between that study and the model used in the present research, for example, the fact that the study by Watakabe et al. did extend to the effects of melting to a steady state, etc., a similar result was obtained in that pressure drop decreases when coke mixing is adopted. Hotta et al. also focused on the effect of coke mixing in the softening test under load and confirmed a similar permeability improvement effect, although the study in that case was qualitative.
8) Accordingly, it is considered that the effect of the coke mixing ratio on the ore shrinkage process can be expressed by the softening model based on DEM.
The distribution of interparticle stress in the normal direction in particle units, as obtained by DEM calculation, is shown in Fig. 7 . These are results when Young's modulus is 0.02 GPa and the coke mixing ratio is changed from 0% to 50%. The upper row a) shows the particle arrangement after shrinkage, while the lower row b) shows the normal stress distribution by shade of black and white. Namely, black particles are particles which are subject to high stress. Focusing on the stress distribution in the packed bed, at all mixing ratios, stress is concentrated on designated particles and formation of a stress network can be observed. In particular, the coke particles tend to receive high normal stress. In the relationship with the coke mixing ratio, a tendency can be confirmed that particles under high stress, shown by black, gradually decrease and the stress distribution becomes uniform as the mixing ratio increases. Where, ΣFn,ij are the summation of all normal forces acting on the particle i, and di is the diameter of particle i. As an overall tendency, coke particles receive high stress from sur- rounding particles because coke, which displays little overlapping under load, supports the load. However, in both the coke particles and the ore particles, the stress values decrease as the coke mixing ratio increases. Since the load is further supported by coke particles, which show little deformation, it can be estimated that the load becomes more dispersed as the number of coke particles increases, and the ore particles are gradually released from loading. In the softening test model, the size of the coke and ore particles is the same. However, actually, the size of coke is approximately 3 times larger than that of ore. Although it is necessary to consider the effects of this size difference, the study described below was carried out referring to reported results showing that the experimental difference in the permeability is small. From the simulation of softening of packed elements outlined above, it can be understood that the decrease in the void fraction in the cohesive zone due to ore shrinkage can be moderated by coke mixing, and as a result, the gas flow can be secured. In the case of layered charging or partial coke mixed charging, the gas flow in the cohesive zone is determined from the balance of the pressure drop in the cohesive region and the coke slits. The following examines the gas flow behavior in the blast furnace as a whole during mixed charging.
Gas Flow Calculation at the Coke Mixed Charging
Calculation Method and Calculation Conditions of DEM-CFD Model
The gas flow in a blast furnace was calculated using a DEM-CFD model. The object of calculation was an actual size blast furnace of 5 000 m 3 class. Figure 9 shows the blast furnace dimensions and the calculation mesh used in the CFD calculations. A finer calculation mesh was used in the outer periphery of the furnace, where changes in the gas flow are large. As shown in this figure, this model is a 3-dimensional half-section model having 20 tuyeres on one side. The number of particles for DEM is 600 000. Bell-type charging was assumed as the layered charging method. Intrinsically, the shape of the cohesive zone is strongly affected by the burden and charging conditions. However, in these calculations, a standard shape of constant cohesive zone of the inverted-V type shown in Fig. 9 was used to simplify the influence of the cohesive zone shape. The thickness of the cohesive zone was 4.0 m, and it was assumed that the ore layer had vanished by the bottom of the cohesive zone. The raceway was approximated as a sphere with a diameter of 1.6 m, and consumption of coke was simulated by extinction of particles which entered this space. As in a previous report, calculations were performed with the burden descent velocity accelerated to 120 times actual speed.
12) It may also be noted that the calculation object is an isothermal system and the gas is equivalent to air at room temperature.
The DEM-CFD calculation conditions are shown in Table 2 . The initial value of Young's modulus at the time of charging was assumed to be 1.0 GPa for both ore and coke. From the results of the above-mentioned softening element model, the Young's modulus of the ore particles was assumed to be 0.02 GPa in the cohesive zone region, while the Young's modulus of the coke was constant in the all parts of the blast furnace at 1.0 GPa. Considering restrictions on the number of particles which can be handled due to computer capacity, in the DEM, multiple particles were assumed to be clusters, and the enlarged particle diameter was used. However, in the CFD calculations of the gas flow, values close to the actual particle sizes were used, namely, 50 mm as the coke particle diameter and 20 mm as the ore particle diameter. In coupling of DEM and CFD, information on the positions of clustered ore and coke particles was obtained by DEM, and the void fraction in the spherical control volume around particles was calculated from those respective particle arrangements. The results were converted to information for the void fraction in the control volume based on the actual particle diameter, and were then input to CFD. In the same manner, in mixed charging, information on the positions of clustered particles in calculation cells and the void fraction were calculated by DEM. Next, the existence ratio of mixed ore and coke particles in the control volume corresponding to the actual particle diameter, the void fraction, and the average particle diameter were obtained and given to CFD. These DEM-CFD model techniques using calculation cells in two stages are the same as in the paper by Natsui et al. 12) Below the cohesive zone, the existence of a liquid phase was expressed by the correction of the void fraction of the packed bed in DEM calculation. 12) In the case of bell-type mixed charging, particle size segregation and density segregation of coke and ore occur during charging, and in actual operation, burden distribution control which intentionally considers this segregation is applied. However, because the focus of this research is the basic structure of the packed bed, flat charging was assumed in mixed charging so that the coke and ore particles are distributed uniformly in the radial direction. As the coke rate, 350 kg/t was assumed as the base condition (A), and 240 kg/ t was assumed as the low coke rate condition (B), supposing a future low carbon blast furnace. The charging conditions are shown in Table 3 . As shown in Table 3 , three conditions were set, namely, layered charging in Cases A1 and B1 (1: layered charging), mixed charging of 50% of the coke in the ore layer in Cases A2 and B2 (2: 50% mixed charging), and mixed charging of 100% of the coke in Cases A3 and B3 (3: 100% mixed charging). In the case of 100% mixed charging, the volumetric ratio of coke under the conventional condition of a coke rate of 350 kg/t is 47%, whereas the volumetric ratio is 37% under the low coke rate condition of 240 kg/t. The charging volume of the burden was set so that the coke layer thickness at the throat in layered charging would be 1 m. It is equivalent to 51 t/charge of coke as the coke base condition. In all cases, the gas flow rate was constant. When changing the coke rate, both reduction of the coke layer thickness and a constant coke base are possible charging methods. Here, the constant coke base condition was assumed. Therefore, when the coke ratio is changed, the ore layer thickness increases and the number of layers in the blast furnace decreases.
Results of Calculation of Burden Distribution and
Void Fraction Distribution The burden distribution obtained from DEM calculations is shown in Fig. 10 . As DEM is a type of unsteady calculation, the inner part is replaced while repeatedly performing charging and discharge, and the result is given when the distribution profile becomes constant. This figure shows the cross sectional distribution through the tuyere center at an angle of approximately 30° from the wall surface of the segment. Under the A1 conditions of the coke rate of 350 kg/t and layered charging in Fig. 10 , the layers of ore and coke can be clearly identified. Although each layer becomes thinner as the burden descends, it can be clearly recognized. In layered charging with the low coke rate of 240 kg/t (B1), the number of coke layers decreases due to the increased thickness of the ore layers. Also, as in Case A2 and B2, the coke layer becomes thinner because the cross-sectional area is larger in the lower part of the blast furnace, however identification of the coke layer becomes difficult with descending. In the cases of 100% mixing in Cases A3 and B3, the distribution of mixing state of ore and coke particles is substantially uniform, corresponding to the coke ratio, in the radial and height directions.
The void fraction distribution obtained from the calculations is shown in Fig. 11 . Although the void fraction is influenced by the mixing ratio and the size distribution, the effect of mixed charging on the void fraction distribution is comparatively small in this lumpy zone, because the calculations assume that both the ore and coke have no particle size distribution. As shown in Table 2 , each particle diameter for coke and ore in DEM is constantly set to 0.30 m and 0.15 m, respectively. Focusing on the melting zone in the cohesive zone, this zone has a lower void fraction due to shrinkage of the ore particles expressed by the softening element model. In the case of layered charging with the 350 kg/t coke rate, the relative difference due to the existence of the melting zone, which is shown in blue (0.10 < ε < 0.15), and layer-shaped coke slits, shown in light blue (0.15 < ε < 0.20), can be recognized. The void fraction of the coke slit as shown by light blue seems to be somewhat indistinct by the control volume settings of the cohesive zone. In coke mixed charging, expansion of the low void fraction area corresponding to the melting zone in the cohesive zone region can be seen. In Case A3, the coke slits disappear, however a region of light blue with a higher void fraction than the blue is maintained locally due to the moderating effect of mixed charging on the decrease in the void fraction.
Results of Gas Flow Calculations
The gas velocity vectors in the blast furnace as a whole, as calculated by DEM-CFD, are shown in Fig. 12 . This figure shows the gas velocity vectors in the same cross section as in Fig. 10 . The color scale shows the magnitude of the gas velocity based on the interstitial gas velocity. An enlarged view of the area around the cohesive zone is shown in Fig. 13. From Figs. 12 and 13 , in the case of layered charging under the base conditions (Case A1), a horizontal slit flow can be seen from the inside through the coke slits toward the wall, as shown by red or yellow vectors. Many past studies of the cohesive zone were premised on the assumption that gas does not flow into the cohesive zone, 19, 20) or the cohesive zone was analyzed as an area of extremely large permeability resistance. 19) Although the present research is based on cohesive zone conditions and calculation methods which are different from those in the past research, the present results are close to those of cold experiments and model analysis. 22, 23) However, in this study, gas flow can also be seen in the cohesive zone. Because this is estimated to be due to the size of the control volume, sat- isfying both improved accuracy on this point and computation time is an issue for the future. Overall, in layered charging, the coke slits secure gas flow paths through the cohesive zone. With 50% mixed charging (Case A2), the slit flows in the cohesive zone become weak due to the thin coke layer through coke mixing into the ore layer, and the gas flow direction changes to a diagonal upward flow. With 100% mixing (Case A3), there is no change in the direction of the gas flow compared with Case A2, but strengthening of the gas flow in the cohesive zone can be observed. Next, under low coke rate conditions, the cohesive zone gas velocity in layered charging becomes stronger due to the decrease in the number of coke slits accompanying the increased ore layer thickness (Fig. 13, Case B1) , and a strong gas flow that passes through the root of the cohesive zone and impacts on the furnace wall can be observed. In Case B2 in Fig. 13 , the coke slits become thinner due to mixed charging, but coke mixing in the ore layers improves the permeability of these parts, and as a result, the region of strong gas velocity shown by the red color decreases in comparison with layered charging. With 100% mixing (Case B3), uniform gas vector in a diagonal upward direction can be observed, as the slits are completely eliminated under this charging condition. Figure 14 shows the horizontal gas velocity vector in the whole cross section at 5 m position above the tuyere based on the calculated results as shown in Fig. 12 . The horizontal gas vectors through the ring shaped cohesive zone are observed. In the center region except the ring shaped cohesive zone, the horizontal gas velocities are weak, because the upwards gas occupies the most parts in these regions. In the comparison of the two coke rate conditions, under the low coke rate conditions, the horizontal vector becomes extremely strong, particularly in layered charging in Case B1. With strengthening of coke mixed charging, the gas vector changes to a diagonal upward flow, as can be understood from Fig. 13 , and in consequence, the horizontal gas vector gradually weakens. The distribution in the circumferential direction is not uniform. The particle motion in a moving bed is an aggregate of motions which are not uniform microscopically, and DEM reflects these non-uniform motions. This appears to be due to the effect of the distribution which occurs in the void fraction in the circumferential direction.
The distribution of isobar planes is shown in Fig. 15 . Isobar planes are shown with a resolution of 50 KPa using the burden surface as a standard. Pressure drop is large in the cohesive zone, and the isobar planes take a shape following the cohesive zone shape. Under the 350 kg/t coke rate conditions, pressure drop increases somewhat in the lumpy zone as the ratio of coke mixed charging increases. As mixed charging is increased, the pressure drop of the cohesive zone also tends to increase. Under the low coke rate conditions, there is little change in the lumpy zone. However, in the cohesive zone, it can be understood that pressure drop decreases and permeability improves owing to coke mixed charging.
Evaluation of Coke Mixed Charging by Gas Flow Analysis
Cohesive Zone Structure and Gas Flow
Pressure drop in the cohesive zone has a large weight in evaluations of the permeability of the blast furnace as a whole. From the calculations up to this point, the packed structure, for example, coke slits in the cohesive zone, etc., changes due to mixed charging, and this has a large effect on the gas flow in the vicinity of cohesive zone. Moreover, this also causes significant changes in the permeability of the blast furnace as a whole. Figure 16 shows the horizontal gas velocity distribution at various radial positions in the lower part of the blast furnace, including the cohesive zone. It is found that this figure shows the strength of the horizontal gas flow corresponding to the packed bed structure of the cohesive zone region. In Fig. 16 , the horizontal gas velocity at all of the positions 2.56 m, 4.06 m, and 5.55 m from the center in Cases A1 and B1, namely, layered charging, shows step-wise changes in strength corresponding to the coke slit structure, and the saw-like peaks tends to shift downward with distance from the center. In the cohesive zone as a whole, the velocity of the gas exiting from the bottom slit is large. Furthermore, because slits are eliminated as the coke mixed charging ratio increases, these step-wise changes in horizontal gas vector strength also vanish. Figure 17 shows the results of averaging the horizontal numerical values of the cross section in the region from 4.5 m to 8.5 m above the tuyeres. In layered charging, the influence of slit flows can be observed under both conditions A and B, as the horizontal gas velocity changes corresponding to the packed bed structure of the cohesive zone, but the gas velocity is higher in the case of B. This appears to be due to strengthening of the gas velocity in each slit due to the reduced number of coke slits in mixed charging. The tendency that the horizontal gas velocity undergoes smoothing as the coke mixing ratio increases can also be observed. It can be estimated that contact of the gas flow with the ore particles in the mixed layer in the cohesive zone also increases. Figure 18 shows the longitudinal pressure drop in the height direction at various radial positions with the coke rate of 350 kg/t. It can be understood that large pressure drop occurs in the cohesive zone at all radial positions. Corresponding to the inverted-V shape of the cohesive zone, the position of this pressure change is high at positions near the axial center of the furnace and shifts downward at positions further to the outside. Figure 19 shows the longitudinal Fig. 17 . Average horizontal gas velocity in blast furnace. pressure drop in the height direction under all charging conditions at the radial position 4.06 m from the center. Here, the pressure drop is defined as the value between the burden surface and the tuyere level. Under the condition of 350 kg/t, looking at the comparison with mixed charging, there is little difference in the pressure distributions with layered charging and 50% mixed charging. With 100% coke mixed charging, pressure drop in the cohesive zone increases, and this has a large impact on the pressure drop in the blast furnace. In this case, rather than improving permeability, it can be estimated that elimination of the coke slits has the negative effect on gas permeability. With the coke rate of 240 kg/t, pressure drop in the cohesive zone is large compared with that in Case A. Thus, it can be understood that improvement of the permeability of the cohesive zone is extremely important when operating under a low coke rate. In comparison with layered charging, the pressure drop in the cohesive zone decreases with 50% mixed charging but increases somewhat with 100% mixed charging. Nevertheless, a cohesive zone permeability improvement effect can be observed under this condition, as pressure drop is still lower than under layered charging. In other words, under the base condition of 350 kg/t, gas penetration to the ore layers in the cohesive zone can be recognized as a result of coke mixed charging, but at the same time, the decrease in the slit thickness has a negative effect on permeability. On balance, the effect of coke mixed charging on permeability improvement is not noticeable. On the other hand, with low coke rates, pressure drop in the cohesive zone increases greatly due to the increase in ore layer thickness, but permeability is improved by mixing coke in the cohesive zone ore layers. Accordingly, although coke mixed charging has a large effect on the permeability of the cohesive zone, that effect differs depending on the balance with the coke slit flow. As it is inherently difficult to maintain coke slits in low coke rate operation, active promotion of coke mixing in the ore layer is more effective. The optimum mixing ratio is considered to depend on the coke rate. In the future, a quantitative study would seem possible by development of a model that also considers heat transfer and reactions, based on the particle method in the DEM-CFD model in this research.
Longitudinal Pressure Distribution Change
Conclusions
Using a DEM-CFD model, layered charging and coke mixed charging were compared under the current blast furnace operating conditions. The respective charging methods were then compared under low coke rate conditions, assuming the low carbon blast furnace of the future, focusing in particular on the permeability of the cohesive zone with various combinations of charging methods and coke rates. The following conclusions were obtained.
(1) Based on the results of a simulation using a softening element model, it was found that the decrease in the void fraction in the cohesive zone due to ore shrinkage is moderated by coke mixing. With equal mixing of coke and ore, pressure drop was reduced to approximately 20% of that with 100% ore. From this, improvement of cohesive zone permeability by mixed charging can be foreseen.
(2) In a gas flow analysis, a coke slit flow to the outer side of the furnace can be observed with layered charging at a coke rate of 350 kg/t (base case). As the coke mixing ratio increases, the gas flow gradually changes from this coke slit flow to a somewhat upward flow passing through the melting region of the cohesive zone. On the other hand, in low coke rate operation at 240 kg/t, under layered charging, the permeability of the cohesive zone as a whole decreases due to the increase in the ore layer thickness, and a strong gas flow toward the wall can be seen passing through the cohesive zone root. With 50% mixed charging, a slit flow coexists with a gas flow through the cohesive zone, and with 100% mixing, the overall flow pattern changes to a strong gas flow in a diagonal upward direction.
(3) The pressure distribution in the blast furnace is mainly influenced by pressure drop in the cohesive zone. However, when coke slits in the cohesive zone exist, furnace permeability is influenced by the balance of permeability resistance in the slit flow and the melting zone portion in the cohesive zone. In the base case of 350 kg/t, increasing the coke mixing rate tends to deteriorate permeability because the thickness of the coke slits is reduced. This suggests that there is an optimum value for the coke mixing ratio. On the other hand, in low coke rate operation, the cohesive zone permeability improvement effect of coke mixed charging itself contributes to reducing pressure drop in the blast furnace. Thus, although mixed charging improves the permeability of the cohesive zone, the optimum value of the coke mixed charging ratio appears to be determined by the coke rate.
